Cytidine triphosphate (CTP) synthetase (CTPS) (EC number 6.3.4.2) is a key enzyme involved in de novo synthesis of CTP. It catalyzes the rate-limiting step of the process due to the product inhibition effects on the enzyme. In this study, a novel CTPS from Corynebacterium glutamicum ATCC 13032 (CgCTPS) was cloned, expressed and characterized. A series of mutagenesis in its N-terminal ammonia ligase (ALase) domain was performed in order to reduce CTP product inhibition. All single mutation variants (D160E, E162A, E168K) lowered product inhibition by lowering the enzyme's binding affinity for CTP. The homology model of CgCTPS showed that D160E mutant caused steric hindrance for the pyrimidine ring of CTP stacking, E162A disrupted the hydrogen bond between CTP ribose and side chain and D168K caused minor localized structure perturbations of CTP binding pocket. The triple mutant of CTPS (D160E-E162A-E168K) with halved K m , doubled V max and the 23.5-fold increased IC 50 for CTP shows a potential for use in industrial-scale CTP production by its better performance in enzyme kinetics and product inhibition.
Introduction
Cytidine triphosphate (CTP) is an essential building block of nucleic acids, and is an important precursor of phospholipid pathway intermediates CDP-diacylglycerol, CDP-choline and CDP-ethanolamine (Kennedy and Weiss, 1956; Ostrander et al., 1998) . CTP synthetase [EC 6.3.4.2, CTPS] catalyzes the rate-limiting step of de novo CTP synthesis (Huang and Graves, 2003) using Mg 2þ ( Fig. 1 ) to activate the ATP-dependent phosphorylation of UTP (Endrizzi et al., 2004) and GTP as an allosteric effector (Lunn et al., 2008a) . CTPS is also an effective target for developing anti-neoplastic, anti-viral and antiprotozoal agents (Iyengar and Bearne, 2003; Fijolek et al., 2007) . CTPS enzymes are encoded by genes pyrG (Escherichia coli and Helicobacter pylori), ctrA (some gram positive bacteria, like Bacillus subtilis and Lactococcus lactis), ura7 and ura8 (Saccharomyces cerevisiae), and ctps1 and ctps2 (human) (Endrizzi et al., 2004) . CTPS from E. coli (Scheit and Linke, 1982; Anderson, 1983) , S. cerevisiae (Ostrander et al., 1998; Park et al., 1999) , Bacillus subtilis (Meng and Switzer, 2001 ), Lactococcus lactis (Jørgensen et al., 2004) , human (Han et al., 2005) , Chalamydia trachomatis (Wylie et al., 1996b) , Thermus thermophilus HB8 (Goto et al., 2004) , Sulfolobus solfataricus (Lauritsen et al., 2011) and Chinese hamster ovary cells (Whelan et al., 1993) has been investigated. Among them all, E. coli CTPS (EcCTPS) is the most well characterized.
CTPS consists of two distinct domains, the C-terminal glutamine amidotransferase (GAT) domain and the N-terminal ammonia ligase (ALase) domain. Glutamine is hydrolyzed into glutamate and NH 3 by the GAT domain, and the ALase domain then aminates UTP using the NH 3 to synthesize CTP. The ALase domain can also use free NH 3 not generated by the GAT domain ( Fig. 1) (Iyengar and Bearne, 2003) . GAT domains catalyze the rate-limiting step, and are conserved among all CTPS enzymes, whereas ALase domains are more evolutionarily variable (Goto et al., 2004) . All CTPS enzymes reported to date are active as symmetric tetramers (Lunn et al., 2008b) , and only the GAT domain is fully active in CTPS dimers (Lauritsen et al., 2011) . Escherichia coli CTPS exists in an equilibrium between monomeric, dimeric and tetrameric forms in dilute solutions (free from ATP or UTP). Active homotetramers are formed irrespective of protein concentration when ATP and UTP are present (Anderson, 1983; Goto et al., 2004) . In contrast to EcCTPS in which monomers interact predominantly through hydrophobic interactions (Endrizzi et al., 2004) , ionic interactions predominate in L. lactis CTPS (Willemoes and Sigurskjold, 2002) , which does not require ATP or UTP to remain tetrameric, even in dilute protein concentrations (Lauritsen et al., 2011) .
The product CTP is a strong inhibitor, competing with the substrate UTP for the phosphate moiety binding pocket (Endrizzi et al., 2004) . Saccharomyces cerevisiae expressing a CTPS mutant resistant to CTP inhibition accumulated higher levels of CTP than cells expressing the wild-type CTPS (Ostrander et al., 1998) . In addition to CTP product inhibition, † These authors contributed equally to this work.
CTPS is regulated in other ways. ATP binds near UTP and phosphorylates UTP using its g-phosphate (Endrizzi et al., 2004) , and cooperation between ATP and UTP promotes CTPS tetramerization (Iyengar and Bearne, 2003) . Although CTPS is the only member of Class I glutamine-dependent amidotransferases that could be activated by GTP (Goto et al., 2004) , activity is inhibited by GTP at concentrations .0.15 mM, and NH 3 -dependent CTP synthesis is inhibited at all GTP concentrations (Lunn et al., 2008a) . Bacillus subtilis pyrG expression is regulated by a transcriptional antitermination mechanism (Jørgensen et al., 2004) and reduced levels of CTP could promote CTPS expression in L. lactis (Jorgensen et al., 2003) . Eukaryotic CTPS enzymes are regulated by phosphorylation, with yeast CTPS activated (Han et al., 2005) and human CTPS inhibited (Kassel et al., 2010) .
CTP is an important nucleotide with wide applications in medicine. It is currently prepared by industrial-scale fermentation (Wang et al., 2008) . In this study, CTPS from Corynebacterium glutamicum ATCC 13032 was cloned and expressed in E. coli for the first time. Enzymatic parameters were determined, and the effects of pH, temperature and metal ions on activity were investigated. A series of site-directed mutagenesis experiments were performed in order to reduce product inhibition and enhance catalytic activity. One of the mutants obtained the highest V max and IC 50 values which are reported for any CTPS to date and may be useful for industrial-scale CTP production.
Materials and methods

Materials
Corynebacterium glutamicum ATCC 13032 was obtained from ATCC (Manassas, VA). Escherichia coli DH5a and E. coli Rosetta (DE3) pLysS strains were purchased from Promega (Shanghai, China). Nickel chelating resin and pET-28a(þ) vector were purchased from Novagen (Darmstadt, Germany). Restriction enzymes, DNA polymerase, genomic DNA extraction kit, DNA markers, protein markers and pMD18-T simple vector were purchased from TaKaRa (Dalian, China). UTP, ATP, GTP and CTP were purchased from Sigma-Aldrich (Shanghai, China). Point mutations were introduced using the QuickChange Site-Directed Mutagenesis kit (Stratagene). The EnzCheck Pyrophosphate Assay Kit was purchased from Life Technologies (Carlsbad, CA). All other chemicals were of analytical grade and commercially available.
Cloning and mutagenesis
The amplification of CgCTPS gene (Genbank ID: NP_600635) was performed using S1000 Thermal Cycle (Biorad) and PrimeSTAR w HS DNA Polymerase (TaKaRa). As the PCR template, genomic DNA of C. glutamicum was isolated using the TaKaRa genomic DNA extraction kit. The PCR mixtures (total volume 50 ml) contained 0.5 pg genomic DNA, 1.25 units of DNA polymerase, 10 mM of each CgCTPS-F/ CgCTPS-R primer pairs (sequences listed in Table I ) and 0.25 mM dNTPs. The amplification conditions were as follows: 1 cycle of 958C for 5 min, 30 cycles of 958C for 30 s, 30 cycles of 628C for 30 s, 30 cycles of 728C for 2.5 and 1 cycle of 728C for 5 min. The amplified CgCTPS was cloned into pMD18-T simple vector (TaKaRa) and the NdeI and HindIII restriction sites of vector pET-28a(þ) (Novagen). The resulting pET28a-CgCTPS construct was sequenced and used to transform competent E. coli Rosetta (DE3) pLysS cells.
Point mutations were introduced using the QuickChange Site-Directed Mutagenesis kit (Stratagene) following the product instructions. All the primers used to generate the mutations are listed in Table I . All the open reading frames encoding CgCTPS mutations were sequenced. The sequencing results indicated that all target amino acids were altered as desired. The mutated plasmids were used to transform E. coli Rosetta (DE3) pLysS cells.
Enzyme expression and purification
The E. coli strains carrying the recombinant plasmid of pET-28a-CgCTPS and the CgCTPS mutations were grown on LB media (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.5) supplemented with 10 mg/ml kanamycin and 34 mg/ml chloromycetin at 378C in an orbital incubator at 220 rpm. Until OD 600 reached 0.6-0.8, protein expression was induced with a final concentration of 0.8 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) and grown at 308C for 6 h. Cells were harvested by centrifugation at 4000 g for 10 min at 48C (Eppendorf Centrifuge 5810R, Germany). Prior to sonication, the cell pellets were washed twice with lysis buffer (100 mM Tris -HCl, pH 8.0). Resuspended in 10 ml of lysis buffer, cells were sonicated at 200 W with 3 s on and 5 s off for 90 times, using Ultrasonic Disruptor JY92-11 (NingBo Scientz, China). Clarified by centrifugation at 9000 g for 20 min at 48C, the supernatants were loaded onto a Ni-NTA Agarose column (column purchased from Bio-Rad was 1 cm in diameter and packed with the total volume of 10 ml Ni-NTA Agarose beads purchased from Qiagen). After washing with 20 ml of washing buffer (100 mM Tris -HCl, 20 mM imidazole, pH 8.0), enzymes were eluted with 3 ml of eluting buffer (100 mM Tris -HCl, 500 mM imidazole, pH 8.0). Purified CgCTPS and mutant forms were dialyzed in 100 mM Tris -HCl, pH 8.0, for 24 h, at 48C prior to any assay. Purity of enzymes was estimated to be .90% by Coomassie Blue G-250 stained 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE).
The enzyme concentrations were determined using the Bradford method (Marion, 1976 ) (Bradford's reagent from Bio-Rad) and bovine serum albumin as the standard. The oligomeric states of CgCTPS and mutations were analyzed using 12% Native-PAGE gel.
Enzyme assay and characterization
The reactions catalyzed by wild-type CgCTPS and mutant forms were carried out in the buffer containing 100 mM TrisHCl, pH 8.0, 2 mM UTP, 2 mM ATP, 0.15 mM GTP, 10 mM MgCl 2 and 2 mM glutamine. CgCTPS and mutations were added to a final concentration of 30 mg/ml, and the reaction mixture was incubated at 308C for 2 min. Perchloric acid was added to a final concentration of 0.35% to terminate the reaction. Total CTP production was determined by measuring phosphate concentration with the EnzCheck Pyrophosphate Assay kit. A control assay by adding inactivated enzyme ( preheated at 958C for 5 min) to the reaction system was carried out to determine the hydrolysis of ATP. Using this value as the background, the rate of inorganic phosphate production truly correlates with the rate of conversion of UTP to CTP. One unit of CTPS activity was defined as the amount of enzyme required to produce 1 mmol CTP per minute.
Optimum temperature was determined by measuring enzyme activity at different temperatures (25 -308C at 58C intervals). Thermostability was determined by measuring the residual activity after incubating the enzyme at different temperatures for 1 h. The optimum pH was determined by measuring enzyme activity in buffers (100 mM Tris -HCl, 2 mM UTP, 2 mM ATP, 0.15 mM GTP, 10 mM MgCl 2 and 2 mM glutamine) with different pH values (100 mM Tris -HCl, pH 7.0 -9.0, at intervals of 0.5 pH units). The pH stability was determined by measuring residual activity after incubating in buffers with different pH values for 48 h at 48C. The effects of metal ions were examined by measuring enzyme activity in the buffer containing 100 mM Tris -HCl, 2 mM UTP, 2 mM ATP, 0.15 mM GTP and 2 mM glutamine, pH 8.0, with various metal ions (NaCl, KCl, MgCl 2 , ZnCl 2 , MnCl 2 , CoCl 2 , FeCl 2 , FeCl 3 and AlCl 3 ) at concentrations of 2 and 10 mM. The effect of Mg 2þ was investigated over a broader range (2 -100 mM). Due to the poor solubility at pH 8.0, the effects of FeCl 2 , FeCl 3 and AlCl 3 at 10 mM were not determined.
Kinetic parameters (K m , V max , k cat ) were determined as a function of [UTP] (0.5 -12 mM) using a fit to the MichaelisMenten equation. IC 50 values were determined by measuring activity at different CTP concentrations (0 -20 mM). K m , V m , k cat and IC 50 values were calculated using GraphPad Prism 5.0 (GraphPad, San Diego).
All enzymatic assays replicated three times.
Molecular modeling
Homology modeling of the tetrameric CgCTPS was performed using Discovery Studio 2.5 (Accelrys, San Diego). Chain A from 2AD5 (55% identity, E. coli CTPS complex with ADP, UTP and Mg 2þ ) (Endrizzi et al., 2005) , 1VCO (53% identity, T. thermophilus HB8 CTPS complex with glutamine) (Goto et al., 2004) and 3NVA (S. Solfataricus CTPS) (Lauritsen et al., 2011) were used as templates by the MODELLER module (Sali and Blundell, 1993) . Existing ligands were copied into new models, and 10 candidate models were constructed. Models with the lowest Probability Density Function (PDF) score (Sali and Blundell, 1993) were saved for further optimization using the PROCHECK Ramachandran plot (Laskowski et al., 1993) and Profile-3D methods in the Discovery Studio 2.5 package (Accelrys, San Diego). CgCTPS monomers were superimposed onto 3NVA to construct the CgCTPS dimer, and CgCTPS dimers were superimposed onto 2AD5 to generate the CgCTPS tetramer. In silico mutagenesis analysis was also performed by Discovery Studio 2.5, and the conformation with the lowest PDF physical energy (Sali and Blundell, 1993) was selected from five candidates. Molecular graphic images were generated with PyMol (Schrödinger, LLC).
Whole cell catalysis and fermentation
Transformed E. coli cells expressing recombinant wild-type and mutant CgCTPSs were prepared as described in the Enzyme Expression and Purification section. Each sample (1.5 g wet weight) was used in the whole cell catalysis experiment. The cells were washed twice with washing buffer (100 mM TrisHCl, pH 8.0) and lysed with lysis buffer (2% mixture of three isomers of dimethyl benzene, 100 mM TrisHCl, pH 8.0) by incubating at 308C for 1 h. Clarified by centrifugation at 9000 g for 20 min at 48C, the supernatants were added to the reaction mixture with the final concentration of 100 mM Tris -HCl, 20 mM UTP, 20 mM ATP, 0.15 mM GTP, 10 mM MgCl 2 and 20 mM glutamine, pH 8.0. The whole cell catalytic reactions were carried out at 308C for 10 h.
Recombinant cells expressing CgCTPS wild type and mutations were cultured at 378C in an orbital incubator at 220 rpm in a fermentation medium (16 g/l glucose, 5 g/l tryptone, 20 g/l yeast extract, 0.03 mM FeSO 4 . 7H 2 O, 1.6 mM MgSO 4 . 7H 2 O, 0.01 mM MnSO 4 , 1 mM CaCl 2 and 10 mM KH 2 PO 4 /K 2 HPO 4 , pH 7.2). When OD 600 reached 0.7, cells were induced with 0.8 mM IPTG at 308C for 6 h. Then the final concentration of 2 g/l orotic acid anhydrous (OA) was added to the fermentation broth as the substrate. The fermentation process lasted for 48 h and the pH of the fermentation broth was maintained at 7.0-7.2 in the whole process. The fermentation sample was terminated by 0.35% perchloric acid and centrifuged at 4000 g for 10 min at 48C. The supernatant was filtrated with a membrane of 0.22-mm diameter pore before high-performance liquid chromatography (HPLC) analysis.
The CTP levels of the whole cell catalysis and fermentation were determined by HPLC (Agilent 1200 system with a UV detector) and a C18 Column (Sigma, 4.6 mmÂ250 mm, 5 mm). Methanol and 1% phosphoric acid solution, pH 6.6 ( pH of phosphoric acid was adjusted by triethylamine) (3 : 97, v/v) was used as the mobile phase at a flow rate of 0.8 ml/min. The detection wavelength was 291 nm (Wild et al., 1988) .
Results
Cloning, expression and enzymatic characterization of wild-type CgCTPS
The reported genomic sequence of C. glutamicum ATCC 13032 encodes a 1665-bp open reading frame. Sequencing of the pMD18T-CgCTPS and pET28a-CgCTPS constructs confirmed identical sequences with database entry (Genbank ID: NP_600635). Wild-type CgCTPS was expressed mostly in soluble form, and the purified protein showed a single band on SDS-PAGE with a molecular weight of 60 kDa (Fig. 2a) . Native PAGE in the absence of UTP and ATP showed three bands corresponding to monomeric, dimeric and tetrameric forms of CgCTPS and its mutations. (Fig. 2b) .
The optimum pH value for activity and stability of wildtype CgCTPS was found to be 8.0 (Fig. 3a) . The optimum temperature of CgCTPS was 308C, and 80% of activity remained after incubation at 408C for 1 h (Fig. 3b) . Mg 2þ was reported essential to activate CTPS by activating the ATP g-phosphate for transferring to UTP O4 in the ALase site (Endrizzi et al., 2004) . The effects of Mg 2þ were tested in the range from 0 to 100 mM (Table II) . The optimized enzyme activation showed at 10 mM Mg 2þ . The effects of other metal (Na þ , K þ , Mn 2þ , Co 2þ , Fe 2þ , Fe 3þ and Al 3þ ) ions were tested at concentrations of 2 and 10 mM. We used the CTPS activity with 10 mM Mg 2þ as the standard to characterize other metal ion effects. All the monovalent metal ions and trivalent metal ions hardly activated the CTPS, while most of the divalent metal ions can activate the CTPS but with less activity compared with 10 mM Mg 2þ . Surprisingly, 2 mM Fe 2þ fully restored the CTPS activity and 5 mM Fe 2þ showed 178% of CTPS activity at 10 mM (Table III) .
Homology model of CTPS and introduction of mutants into its n-terminal ALase domain to reduce CTP product inhibition
CgCTPS shares high sequence identity with CTPS from S. solfataricus (Lauritsen et al., 2011) , E. coli (Endrizzi et al., 2004 (Endrizzi et al., , 2005 and T. thermophilus HB8 (Goto et al., 2004) (Fig. 4) . Native-PAGE analysis revealed that CgCTPS exists in equilibrium between monomeric, dimeric and tetrameric forms (Fig. 2b) , as observed for other CTPS enzymes. The tetrameric structure of CgCTPS was modeled based on the oligomeric structures of CTPS for other species (Fig. 5a ). CgCTPS oligomeric interfaces are mainly hydrophobic, unlike the ionic interactions that predominate in the L. lactis enzyme (Willemoes and Sigurskjold, 2002) . Structural alignment of CgCTPS and E. coli CTPS revealed a common substrate-binding pattern (Endrizzi et al., 2005) , with the pyrimidine ring occupying a crevice formed by D160, I161 and E162 (Fig. 5b) . Mutations D160E, E162A and E168K were introduced near this substrate-binding area of CgCTPS ALase domain and structures containing mutations at D160 and E162 were modeled. D160E modeled with the lowest PDF physical energy and adopted a more elongated and rotated conformation compared with the confirmation in the wild-type enzyme (Fig. 5c ). The E162A mutation was also found to be favorable; the shortened side chain avoided forming a hydrogen bond with the CTP ribose, potentially lowering the affinity for, and product inhibition by, CTP (Fig. 5d) . While E168 did not interact with CTP directly, it was part of the a-loop that supports the D160-I161-E162 loop (Fig. 5b) .
Kinetic analysis of wild-type and mutant CgCTPS
Wild-type CgCTPS K m was found to be 1.49 mM, somewhat higher than CTPS from other organisms. And wild-type CgCTPS had a k cat of 87 min 21 (Table IV) close to that of the E. coli CTPS. But the k cat /K m of wild-type CgCTPS was close to that of C. tracomatis CTPS. Single-point and double-point mutations did not show significant change in CgCTPS K m , while the triple-point mutations halved wild-type CgCTPS K m value. Almost all mutants showed increased k cat and k cat /K m , and E162A was the most effective single-point mutant by increasing k cat and k cat /K m by 50%. And the triple-point mutation was the most effective mutant by enhancing k cat and k cat / K m to 2.2-fold and 4.8-fold of the wild type.
Determination of product inhibition of CTPS
Wild-type CgCTPS had an IC 50 value that was also appreciably higher than the enzymes from Chlamydia tracomatis (Wylie et al., 1996b) and human (Kassel et al., 2010) , but significantly lower than L. lactis (Wadskov-Hansen et al., 2001), S. cerevisiae (Wylie et al., 1996a) and E. coli (Park et al., 1999) . All mutant CgCTPS enzymes showed increased IC 50 values (7 -23.5-fold; Table IV ). The triple mutation (D160E-E162A-E168K) showed the most dramatic enhancements in IC 50 with 23.5-fold over the native enzyme (Fig. 3d , Table IV), which markedly decreased CTPS product inhibition. This result was also confirmed by the whole cell catalysis experiments, which showed that using UTP as a substrate, the CTP accumulation was about 10 times in triple mutation CTPS cells compared with wild-type CTPS cells. But there was only a two-fold increase in CTP accumulation between triple mutation and wild-type CTPS cells, when using orotic acid as a substrate in fermentation experiments.
Discussion
CgCTPS (Genbank ID: NP_600635) shares similar enzymatic properties with CTPS from other organisms (Table IV) . The k cat is very close to that of E. coli CTPS, and the IC 50 for CTP is close to that of C. tracomatis CTPS. However, the S. cerevisiae and L. lactis enzymes show much higher IC 50 values for CTP. CgCTPS displayed optimal activity and stability at pH 8.0, close to that of CTPS from E. coli, S. cerevisiae and human (Table IV) . In contrast, CTPS from Ehrlich ascites tumor cells exhibited broad pH optima from 7.5 to 9.3 when glutamine was the ammonia donor (Kizaki et al., 1981) .
All CTPS enzymes require a metal ion activator, and show a complete lack of activity without the activator. CgCTPS in the absence of metal ions follows this trend and further supports the central role of the metal ion (Table II) Engineered CTP synthetase with reduced product inhibition activate EcCTPS activity (Lieberman, 1956) . While CgCTPS can be efficiently activated by Mg 2þ (Table II) , it is only weakly activated by many other monovalent divalent or trivalent ions (Table III) better CgCTPS activation efficiency than Mg 2þ (Table III) , which is completely different from its effects on EcCTPS. Another interesting observation of the effect of metaldependent activation is that the concentration of the metal ion is critical to its effect to CgCTPS. Elevating concentrations of Co 2þ and Mn 2þ from 2 to 10 mM, CgCTPS showed less activity. The optimal concentration of Mg 2þ is 10 mM. Increasing the Mg 2þ concentration further inhibited the CgCTPS activity. Engineered CTP synthetase with reduced product inhibition When [Mg 2þ ] was 20 mM, two-third of activity remained, while only one-fifth of activity remained when [Mg 2þ ] was 100 mM (Table II) .
CTPS is one of the few enzymes that are particularly regulated by its product. The proposed reason is that the product CTP binds to the same site of CTPS as the substrate UTP binds to, while product dissociation limits the maximum flux through the enzyme (Endrizzi et al., 2004) . Thus, engineering of CTPS by reducing CTP binding affinity is believed to be an effective strategy to improve the CTP accumulation during the fermentation process.
According to the protein sequence alignment and homology modeling, the catalytic mechanism of CgCTPS, which is similar to that of E. coli CTPS (Endrizzi et al., 2005) , is proposed as follows. Glutamine enters the GAT domain of CgCTPS (Fig. 5a ) and GTP binds to the entrance of the GAT domain, causing an allosteric effect that enables glutamine to contact the Cys-His-Glu triad (Iyengar and Bearne, 2003) . Newly formed ammonia could then be transmitted through a putative ammonia diffusion channel (Endrizzi et al., 2005) to reach the ALase domain. In the ALase domain, O4 of UTP is phosphorylated by ATP with Mg 2þ as an activator (von der Saal et al., 1985) . The phosphate moiety of UTP is anchored in a pocket near ATP with the UTP pyrimidine ring facing toward ATP. When the phosphorylated UTP is aminated by ammonia to form CTP, the newly synthesized pyrimidine ring rotates to the opposite direction, while the phosphate moiety remains anchored in its original pocket (Endrizzi et al., 2005) .
Since the binding site of the product CTP shares part of its site with the substrate UTP, the strategy to reduce CTP product inhibition is focused on abolishing CTP binding without reducing UTP binding affinity. Based on our homology model, the highly conserved loop between the b-sheet 6 and the a-helix 6 was proposed to stabilize CTP binding (Fig. 5b) . By stacking cytosine against D160 and forming hydrogen bonds between pyramiding ring and I161, ribose ring and, E162, the interaction between the nucleotide and the loop contributed the preferred specificity of cytosine over uracil (Endrizzi et al., 2005) .
The only difference between CTP and UTP is the substituent on the fourth position of the pyrimidine ring, NH 2 and O, respectively. Therefore, Mutant D160E was generated to introduce a steric hindrance of CTPS for discriminating between uracil and cytosine stacking. The extension of the side chain presumably lowered the affinity of CTP. The V max of mutant D160E was increased from 1.42 to 1.78 U/mg (25%) and the IC 50 for CTP was increased from 0.07 to 0.68 mM (almost 10-fold), while K m was unchanged. Similar engineering was reported by Wylie et al. D149 of C. trachomatis CTPS was mutated into E149 (corresponding to D160E in CgCTPS) (Wylie et al., 1996b) . As a result lowered inhibition by cyclopentenyl cytosine by 350-fold, resulting in a 22-fold enhancement in CTP accumulation inside host E. coli cells (Wylie et al., 1996b) .
There are hydrogen bonds between the ribose and the pyrimidine of CTP and CTPS. They are hydrogen bonds between the main chain amide of I161 and pyrimidine N3, main chain amide of E162 and pyrimidine O2, and E162 side chain carboxylate and ribose O3. Though neither the carboxyl group of uracil nor the amino group of the cytosine directly involved in these hydrogen bonds, the bidentate hydrogen bonds distinguish the acceptor -acceptor-donor (A-A -D) pattern of cytosine from the A -D-A pattern of uracil (Endrizzi et al., 2005) . To disrupt the donor pattern of carboxylate of E162 to CTP ribose O3 and O4, negatively charged E162 was substituted into an uncharged Ala (Fig. 5d) . Not surprisingly, the mutation did enhance the CgCTPS' activity dramatically. The V max of mutant E162A was increased from 1.42 to 2.04 U/mg (43%) and the IC 50 for CTP was increased from 0.07 to 0.839 mM (12-fold), while K m was unchanged.
Outside the pocket for CTP binding, D168K was performed according to previous results. Whelan et al. used ethylmethanesulfonate and UV light to mutate Chinese hamster ovary cell CTPS (Whelan et al., 1993) , in which Glu to Lys and His to Lys mutations were particularly frequent. Based on these results, Ostrander et al. mutated E161 of S. cerevisiae CTPS to K161 (corresponding to D168K in CgCTPS). Cells harboring the mutated S. cerevisiae CTPS increased CTP accumulation between 6-and 15-fold compared with cells harboring wildtype enzymes (Ostrander et al., 1998) . For our CgCTPS, The V max of mutant D168K was increased from 1.42 to 1.72 U/mg (21%) and the IC 50 for CTP was increased from 0.07 to 0.49 mM (6-fold), while K m was also increased slightly, from 1.49 mM to 1.73 (16%). Though D168 did not contact CTP directly (Fig. 5b) , it is part of an a-helix 6 that supports the pocket formed by D160, I161 and E162. Mutation of the negatively charged D168 to positively charged Lys may cause minor localized structural perturbations that impact the structural integrity of the D160-I161-E162 pocket.
Combinations of the above mutations were engineered to further reduce CTP product inhibition (Table IV) . The double mutant D160E-E162A displayed a 19-fold increase in IC 50 , which was greater than either single mutant. Double mutants D160E-E162A and D160E-E168K showed a slight decrease in K m of 10 and 16%, respectively. The triple mutant D160E-E162A-E168K showed the most striking improvements in activity; V max was doubled, K m was decreased by 50%, and the IC 50 for CTP was reduced by 23.5-fold ( Fig. 3c and d) . The values for V max and IC 50 are the highest reported for any CTPS to date (Table IV) .
Whole cell catalysis experiments showed the same trend as the enzyme assay. When we used UTP as the substrate of the catalysis reactions, the accumulation of CTP was 10 times greater in triple mutation CTPS cells than wild-type cells. But when we fed cells with orotic acid as the substrate, the difference in accumulations of CTP in fermentation was only 2-fold from triple mutant to wild type. These two results looked contradictory, but may arise because the pyrimidine nucleotide pyrimidine nucleotide biosynthesis pathway is precisely regulated by specific metabolites with independent mechanisms (Turnbough and Switzer, 2008) . Therefore, only repressing the feedback inhibition of CTPS would not dramatically increase the accumulation of CTP in cells.
In summary, this study cloned, expressed, purified and characterized a recombinant CTPS from C. glutamicum ATCC 13032 for the first time. Homology modeling and comparison with the E. coli CTPS were used to guide site-directed mutagenesis experiments. The engineered enzyme showed significant improvements in enzymatic properties. In the triple mutation (D160E-E162A-E168K), V max was doubled, K m was halved, and the IC 50 for CTP was increased by 23.5-fold. Though the pyrimidine biosynthesis pathway was regulated by several metabolites in very complicated mechanisms, this engineered CgCTPS has great potential for industrial-scale CTP production.
